Drosophila melanogaster males perform a series of courtship behaviors that, when successful, 43 result in copulation with a female. For over a century, mutations in the yellow gene, named for its 44 effects on pigmentation, have been known to reduce male mating success. Prior work has 45 suggested that yellow influences mating behavior through effects on wing extension, song, and/or 46 courtship vigor. Here, we rule out these explanations, as well as effects on the nervous system 47 more generally, and find instead that the effects of yellow on male mating success are mediated 48 by its effects on pigmentation of male-specific leg structures called sex combs. Loss of yellow 49 expression in these modified bristles reduces their melanization, which changes their structure 50 and causes difficulty grasping females prior to copulation. These data illustrate why the 51 mechanical properties of anatomy, and not just neural circuitry, must be considered to fully 52 understand the development and evolution of behavior.
Introduction 78 79 "The form of any behavior depends to a degree on the form of the morphology performing it" 80 -Mary Jane West-Eberhard, 2003 81 82 Over 100 years ago in Thomas Hunt Morgan's fly room, Alfred Sturtevant described what is 83 often regarded as the first example of a single gene mutation affecting behavior (Sturtevant, 84 1915; reviewed in Drapeau et al., 2003; Cobb, 2007; Greenspan 2008) : he noted that yellow 85 mutant males, named for their loss of black pigment that gives their body a more yellow 86 appearance ( Figure 1A ), mated successfully with wild-type females much less often than wild-87 type males. In 1956, in what is often regarded as the first ethological study (reviewed in Cobb, 88 2007; Greenspan 2008), Margaret Bastock compared courtship of yellow mutant and wild-type 89 males and concluded that despite all courtship actions being present, loss of yellow function 90 likely reduces courtship vigor or drive, leading to copulation inhibition (Bastock 1956 ). Despite 91 more recent data consistent with this hypothesis (Drapeau et al. 2003 ), the precise mechanism by 92 which the yellow gene affects male mating success in D. melanogaster has remained a mystery. 93 Consequently, Bastock's statement about yellow from her 1956 paper is equally true today: "It 94 seemed worthwhile therefore to examine more closely one example of a gene mutation affecting 95 behavior and to ask two questions, (1) how does it bring about its effect? [and] , (2) what part 96 might it play in evolution?" 97 98 The D. melanogaster yellow gene encodes a protein hypothesized to act either structurally 99 (Geyer et al., 1986) is a master regulator of sexually dimorphic behavior in D. melanogaster that can affect every 106 component of courtship and copulation (reviewed in Villella and Hall, 2008) . fru has also been 107 shown to regulate expression of yellow in the central nervous system (CNS) of male D. 108 melanogaster larvae (Drapeau et al., 2003) . These observations suggest that the pleiotropic 4 of the time ( Figure 1C ). Videos of mating trials indicated that the difference in mating success 125 between wild-type and yellow males did not come from differences in courtship activity (Figure 126 1D-H) (compare Movies 1 and 2), but rather from differences in the ability of yellow and wild-127 type males to initiate copulation (compare Movies 3 and 4). 128 129 To determine whether yellow activity in fru-expressing cells is responsible for this difference in 130 mating success, we used the UAS-GAL4 system (Brand and Perrimon, 1993) to drive expression 131 of yellow-RNAi (Dietzl et al., 2007) with fru GAL4 (Stockinger et al., 2005) , knocking down native 132 yellow expression in these cells. We also used fru GAL4 to drive yellow expression in y1 mutants. 133 In both cases, we found no significant effect on male mating success (Figure 2A To continue searching for cells responsible for yellow's effects on mating, we examined a 209 bp 140 sequence 5' of the yellow gene called the "mating-success regulatory sequence" (MRS) because 141 deletion mapping indicated it was required for male mating success (Drapeau et al. 2006 ). We 142 hypothesized that the MRS might contain an enhancer driving yellow expression and found that 143 ChIP-seq data indicates the Doublesex (Dsx) transcription factor binds to this region in vivo 144 (Clough et al., 2014) . Like fru, dsx expression is required to specify sex-specific behaviors in D. 145 melanogaster (Rideout et al., 2010; Robinett et al., 2010; reviewed in Villella and Hall, 2008; 146 Yamamoto and Koganezawa, 2013), suggesting that yellow expression regulated by Dsx through 147 the MRS enhancer might be responsible for its effects on male mating behavior. We found that Figure S1B ). Video recordings of male flies with reduced yellow expression in 153 dsx-expressing cells showed the same mating defect observed in y 1 mutants: males seem to 154 perform all courtship actions normally, but repeatedly failed to copulate (Movie 5). We therefore 155 conclude that yellow expression is required in dsx-expressing cells for normal male mating 156 behavior.
158
To determine whether the MRS sequence might be the enhancer mediating yellow expression in 159 dsx-expressing cells that affect male mating success, we manipulated yellow expression with 160 GAL4 driven by a 2.7kb DNA region located 5' of yellow that includes the wing, body, and Figure S2F ,G). 167 We found that this deletion had no significant effect on male mating success (Supplemental 168 Figure S2H ), contradicting the previous deletion mapping data (Drapeau et al., 2006) . We 169 5 conclude therefore that yellow expression in dsx-expressing cells affecting mating behavior must 170 be mediated by other cis-regulatory sequences associated with the yellow gene. 171 172 dsx-expressing cells outside the CNS require yellow for normal male mating success 173 174 Although dsx is expressed broadly throughout the fly (Robinett et al., 2010; Rideout et al., 175 2010), we hypothesized that its expression in the nervous system would be responsible for 176 yellow's effects on mating because yellow has been reported to be expressed in the adult brain 177 (Hinaux et al., 2018) and behavioral effects of other pigmentation genes are mediated by neurons 178 (Hotta and Benzer, 1969; Heisenberg, 1971; Borycz et al., 2002; True et al., 2005) . However, we 179 found that suppressing yellow expression in the larval CNS, dopaminergic neurons, or 180 serotonergic neurons (Supplementary Figure S3 ), or in all neurons ( Figure 2E Figure 2H ) also had no significant effect 184 on male mating success. In addition, when we examined yellow expression in adult brains, we 185 were only able to observe non-specific signal at the anterior of the adult brain in females ( Figure   186 2J,K). Given this lack of evidence that yellow is required in neuronal cells for normal male 187 mating behavior, we limited dsx GAL4 activation of yellow expression in y1 mutants to non-188 neuronal cells and found that these flies exhibited a substantial increase in male mating success 189 compared with y 1 mutant males ( Figure 2I) , showing that yellow expression in non-neuronal dsx-190 expressing cells is required for normal male mating behavior. 191 192 To identify which non-neuronal dsx-expressing cells require yellow expression for normal male 193 mating success, we screened ten dsx-enhancer GAL4 lines that each contains a different ~3 kb 194 region of dsx noncoding sequence ( Figure 2L Figure 2M ). These two GAL4 drivers contain overlapping sequences from intron 2 of dsx 197 ( Figure 2L ), suggesting that their similar effects result from reduction of yellow expression in the 198 same cells. Line 42D04-GAL4 had stronger effects than 40F03-GAL4 ( Figure 2N Figure 4B ). These males 245 displayed strongly reduced mating success compared with wild-type males ( Figure 4C ) and 246 behavioral defects similar to those observed for y 1 mutants (Movies 9,10), including inefficient 247 grasping of the female for mounting and copulation. We noticed, however, that flies with 248 Laccase2-RNAi driven by 42D04-GAL4 also showed a loss of melanin in the aedeagus 249 (Supplementary Figure S6A) , which is the main part of the male genitalia used for copulation, Taken together, our data show that melanization of a secondary sexual structure affects mating in 290 D. melanogaster. Specifically, we find that the reduced mating success of D. melanogaster 291 yellow mutant males, which was perceived as a behavioral defect for decades, is caused by 292 changes in the morphology of the structures used during mating. These observations underscore 293 that behavior cannot be understood by studying the nervous system alone; anatomy and behavior 294 function and evolve as an interconnected system.
295

Materials and Methods
297
Fly stocks and maintenance 298 299 The following lines were used for this work: quantified for the first 10 min of the assay and divided by the total 10 min period. We chose to 348 quantify courtship activity within the first 10 min of the assay, because wild-type (Canton-S) 349 males will often begin copulating after this window, while y1 males will continue to court 350 throughout the entire 60 min period. Wing extension bouts were quantified by noting every 351 unilateral wing extension bout for each genotype within the first 10 min of the assay. 471 472 Enhancer sub-fragments (2 kb, 2 kb, 1.3 kb, 1.3 kb, and 1.3 kb for 42D04_A,B,C,D,E-GAL4, 473 respectively) were synthesized as IDT gene blocks (sequences available in Supplementary File 474 S1) based off of the 42D04 D. melanogaster dsx enhancer sequence (FBsf0000164494) 475 (Supplementary Figure S7) . The gene blocks were designed with 5' and 3' Gibson tails to 738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761 762 763 
Generation of the mating regulatory sequence (MRS) deletion line
Generation of the 42D04-GAL4 enhancer sub-fragment pBPGUw lines
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